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ABSTRACT Binding of a partial proteolytic digest by V8
enzyme of the yeast site-specific recombinase Flp to its target
site gives rise to DNA-protein complexes that are smaller than
those produced by the full-sized protein. The smallest of these
complexes (occupancy of one peptide monomer per site) con-
tains either one of two polypeptides (32 and 28 kDa) of the V8
digestion mixture. The amino termini ofboth polypeptides map
to Ser-129 ofFlp, corresponding to V8 cleavage at Glu-128. The
relative mobilities of the complexes formed by the V8 peptides
indicate that they lack the sharp substrate bend that is char-
acteristic ofFlp-derived complexes. A hybrid protein consisting
of the amino-terminal one-third of the R recombinase (from
Zygosaccharomyces rouxii) and the carboxyl-terminal two-
thirds of Flp recognizes the Flp target site.
The Flp protein encoded by the 2-,um circle plasmid of
Saccharomyces cerevisiae is a site-specific recombinase.
The physiological significance of the recombination reaction
appears to be in maintaining plasmid copy number via
replicative amplification (1-3). Sequentially, the steps of
recombination are as follows: binding of a Flp monomer to
each of the two attachment sites within the minimal target
site, cleavage of DNA and transient covalent attachment of
Flp to the 3'-phosphate through the active site tyrosine
(Tyr-343), and transfer of DNA strands to complete the
reaction (reviewed in refs. 4 and 5). Strand exchange takes
place in two steps of pairwise swaps with a Holliday junction
as an obligatory reaction intermediate (6, 7).
Several features of the DNA substrate that are essential for
normal interactions with Flp (critical bases that are contacted
by Flp or protected by it from attack by chemical probes,
phosphates whose ethylation interferes with recombination,
and the face of the helix from which the protein monomers
approach their target site) are known (reviewed in ref. 4; A.
Kimball and T. D. Tullius, personal communication). How-
ever, there is little information on what portions of the Flp
protein or what amino acid residues might be responsible for
substrate specificity and/or substrate binding. The primary
structure of Flp does not display any of the three most
common motifs that identify DNA binding proteins-helix-
turn-helix, zinc finger, or leucine zipper (reviewed in ref. 8;
see also ref. 9). A recent search for the DNA binding domain
of Flp by using an in vitro transcription/translation system in
conjunction with a gel-retardation binding assay was not
successful (10). Polypeptides missing only a few amino acids
from the amino or carboxyl terminus of Flp were inactive in
substrate binding.
Partial proteolysis of Flp with trypsin, chymotrypsin, or V8
protease suggested that the Flp protein was organized into
rather well-defined structural domains (5). A short flexible
peptide segment that contained the active-site tyrosine sep-
arated a large amino-terminal domain from the small car-
boxyl-terminal domain. Furthermore, the amino-terminal
domain could be operationally divided into three subdo-
mains-IA, IB, and IC (see Fig. 1 for details).
In this paper, we demonstrate that the substrate binding
potential of Flp is extraneous to IA and is likely contained
within IlB-IC. In addition, a fusion protein that contains the
amino-terminal one-third of the Zygosaccharomyces R re-
combinase (equivalent to domain IA) and the carboxyl-
terminal two-thirds of Flp (domains IB-IC and II) shows
specific binding to the Flp target site. In vivo results indicate
that the chimeric protein is not catalytically active.
MATERIALS AND METHODS
Plasmids and Strains. The plasmid expressing the R re-
combinase from the tac promoter was a gift from H. Araki
and Y. Oshima (University ofOsaka). To construct the R-Flp
hybrid gene, the plasmid was linearized by Nde I partial
digestion. After gel isolation, the linear plasmid was cut with
Sal I. The desired backbone fragment was gel isolated and
ligated to the oligodeoxynucleotide adaptor:
5'-TATGGATATCTCTAGAG-3'
3'-ACCTATAGAGATCTCAGCT-5'
The resultant plasmid was cut with EcoRV and Xba I and
ligated to the EcoRV/Xba I fragment from the 2-,um circle
that includes the carboxyl-terminal two-thirds of the FLP
gene. Genetic manipulations were carried out in Escherichia
coli strains HB101 [F-, hsdS20 (ri, m-), recA13, ara-14,
proA2, galK2, supE44], JM103 [(Alac pro), thi, strA, supE,
endA, sbcB, hsdR-, lacIq], or DH1 [F-, recAl, endAl,
gyrA96, thi-l, hsdRJ7 (r17, mk), supE44].
Partial Proteolysis. Digestions with V8 protease or trypsin
were done by slight modifications ofdescribed procedures (5).
A large-scale V8 digestion contained in a total vol of 180 pd,
30-40 ,g (600-800 pmol) of Flp(Y343F), 50 mM Tris-HCl (pH
7.5), 200 mM NaCl, 18% (vol/vol) glycerol, 40-50 ,ug of
salmon sperm DNA, and 4 ,tg of V8 (Boehringer Mannheim,
catalog number 791156). The digestion mixture was incubated
for 1 hr at 30°C. After addition of 2 ,ul of L-1-tosylamido-2-
phenylethyl chloromethyl ketone (4 mg/ml), an aliquot was
prepared for SDS/polyacrylamide gel electrophoresis, and the
remainder was immediately used for a preparative binding
reaction.
Binding Reactions. Conditions for binding were roughly the
same as those used by Parsons et al. (11, 12). The final NaCl
concentration in the binding mixture was 75-100 mM. Incu-
bations were done on ice for 20 min prior to electrophoresis
of samples.
Two substrates were used in the binding assay. One was a
DNA fragment of approximately 100 base pairs (bp) that
contained a copy of the Flp site with three copies of the
binding element (5, 11). The other was roughly 400 bp long
and contained the minimal Flp site (two copies of the binding
element) placed almost in the middle.
Preparation of Crude Flp or R-Flp Hybrid Extracts. The E.
coli host containing the expression plasmid was grown to an
Abbreviation: IPTG, isopropyl 8-D-thiogalactopyranoside.
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sociation with the substrate. Patterns of partial digestions of
Flp and Flp(Y343F) by trypsin, chymotrypsin, and V8 are
also identical (R. L. Parsons, personal communication).
Hence, throughout the rest of this paper, Flp(Y343F) is
referred to as Flp.
Two types of partial proteolysis/binding experiments were
done with trypsin and V8. First, 32P-labeled Flp substrate was
incubated with Flp under standard binding conditions and
treated with protease, and the DNA-protein complexes were
revealed by electrophoresis in polyacrylamide gels. Second,
Flp was pretreated with the protease, aliquots of the partial
digest were added to the labeled substrate, and the resultant
complexes were fractionated as in the first experiment. The
results of these experiments were strikingly similar (Fig. 2).
In both types of digestions with each of the two proteases,
FIG. 1. Domain organization of Flp. (Upper) On a schematic
representation of Flp, the positions of V8 cleavage are indicated by
solid arrows (this study and ref. 5). Previous studies (5) showed
primary tryptic and chymotryptic cleavage sites at Arg-340 and
Tyr-343 (broken arrows). These results permit the Flp protein to be
divided operationally into two domains, I and 11. Based on the V8
cleavage sites, domain I is subdivided into IA, 1B, and IC. Of
particular interest to the present investigation are the V8 peptides,
V32 and V28. The amino-terminal sequence of V32 has been deter-
mined (5). (Lower) In this study, the amino-terminal residues of V28
were sequenced, and those of V32 were reconfirmed. Question
marks denote weak signals. X signifies an undetermined residue.
OD650 of -1.0. Isopropyl /8-D-thiogalactopyranoside (IPTG)
was added to a final concentration of 1 mM and the culture
was incubated for 1 hr. Cells were harvested, washed, and
resuspended in 5 vol of 50 mM TrisHCI, pH 7.4/50 mM
ammonium sulfate/1 mM EDTA/0.5 mM dithiothreitol/1
mM each phenylmethylsulfonyl fluoride, leupeptin, and pep-
statin (S buffer). After treatment with lysozyme (20 mg/ml)
for 30 min on ice, the suspension was subjected to three quick
freeze-thaw cycles. After spinning in the cold for 15 min at
15,000 X g, the supernatant was collected, diluted with an
equal volume of S buffer containing 40% (vol/vol) glycerol,
and kept frozen in aliquots at -70°C.
Electroelution of Peptides. A gel slice containing a DNA-
protein complex of interest was cut into fragments (approx-
imately 3 x 1 x 1 mm), placed on a nylon net, and electro-
eluted in an ISCO apparatus (model 1750 concentrator). The
electrolyte for elution was 10 mM ammonium carbonate
adjusted to pH 10.5 with ammonium hydroxide and contain-
ing 0.01% SDS. Elution was carried out at 3 W for 3.5 hr with
one change of electrolyte at 2 hr. At the end of the procedure,
the current was reversed for 20 sec, the eluate was collected
with a Pasteur pipette, concentrated in a Savant Speed-Vac
system, and prepared for Laemmli electrophoresis.
Electroblotting of Peptides and Amino Acid Sequencing.
After SDS/polyacrylamide gel electrophoresis, polypeptides
were transferred to poly(vinylidene difluoride) membranes
(Immobilon, Millipore) as described by Matsudaira (13) and
stained with Coomassie blue. Strips of the membrane con-
taining peptides of interest were directly used for amino acid
sequencing in an ABI model 477A/120A protein sequenator/
analyzer.
General Methods. Bacterial transformations, isolation of
plasmid DNA, restriction enzyme digestions, and other mis-
cellaneous methods followed published procedures (14).
RESULTS
Proteolytic Fragments of Flp Can Bind Substrate. All ex-
periments were carried out with a Flp variant [Flp(Y343F)]
whose substrate binding characteristics are virtually indis-
tinguishable from those of wild-type Flp (11). However, this
protein cannot cleave DNA and thereby form covalent as-
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FIG. 2. Complexes formed between a Flp substrate and V8 or
tryptic peptides of FIp. The substrate for the binding assay is
schematically shown at the top. It contains three Flp binding
elements labeled la, 1'a, and 1'b. The spacer region of the substrate
is shown by the broken line. (A) Approximately 60 pmol of Flp was
digested with V8 protease (0.1-0.2 ,g) in 50 Al in the presence of
salmon sperm DNA (1 ,ug) for 1 hr at 30°C. Aliquots of the digestion
mixture (6, 12, and 20 Al in lanes 2, 3, and 4, respectively) were
assayed for DNA binding with 0.3-0.6 pmol of labeled substrate per
assay. Reaction mixtures were analyzed on a 5% polyacrylamide
bindinggel. Lanes: 1, free substrate; 5, intact Flp. Complexes formed
by Flp are labeled I, 11, and III and those formed by V8 peptides are
labeled I', ll'a, I1'b, and III'. (B) FHp (5-10 pmol) was mixed with
0.3-0.6 pmol of labeled substrate and incubated on ice for 30 min.
The indicated amounts of V8 were added (lanes 1-5), incubated at
30°C for 30 min, and samples were run on a 5% polyacrylamide
binding gel. Analogous experiments with trypsin are shown in C
(proteolysis prior to binding) and D (postbinding proteolysis). Each
reaction was done with 10-20 pmol of Flp and the indicated amounts
of trypsin.
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DNA-protein complexes with faster mobilities (I'-III') than
the normal Flp complexes (I-III) were produced. Further-
more, the mobility patterns of the new complexes were
virtually the same, irrespective of whether substrate-bound
Flp was proteolyzed or preproteolyzed Flp was used for
binding substrate. These results strongly indicated that Flp
contained a DNA-binding/specificity domain.
Association of Specific FIp Peptides with Substrate. To
identify the putative Flp domain(s) responsible for substrate
binding, we bound V8-treated Flp to its substrate, isolated
the smallest of the complexes (presumably, association of
one peptide molecule per site), and identified the peptide(s)
present in the complex.
Flp was treated with V8 under standardized conditions in
the presence of salmon sperm DNA for 1 hr at 30TC. The
digestion resulted in a mixture composed of -25% intact Flp
(as judged by its comigration with untreated Flp; 45 kDa) and
peptides of 39, 32, 30, 28, and 15 kDa (Fig. 3 B and C, lanes
4 and 5). The gel system would not have identified peptides
smaller than 10 kDa. Previous experiments had determined,
by direct sequencing of the amino terminus or by inference
from the known sequence of Flp, the origins of all of these
peptides except the 28-kDa peptide (5). Our digestion pattern
differed from that of Evans et al. (5) by the presence of an
increased amount ofthe 28-kDa peptide with a corresponding
decrease in the yield of the 30-kDa peptide. We suspect that
the presence of salmon sperm DNA in our digestion was
likely responsible for the observed difference. Amino-
terminal sequencing showed that the 32- and 28-kDa peptides
had identical amino termini, beginning at Ser-129. This was
consistent with V8 cleavage at Glu-128 of Flp.
The V8 digest of 600-800 pmol of Flp (30-40 I&g) was
incubated with 80-100 pmol of substrate DNA in a 500-plI
binding reaction mixture. The binding mixture was electro-
phoresed in two lanes of a preparative polyacrylamide gel
(Fig. 3A, lanes 1 and 2). For reference, a standard binding
mixture with whole Flp was run alongside (lane 3). The
portion of the gel corresponding to I' was excised, and the
bound peptide(s) was electroeluted and then run on a SDS/
12% polyacrylamide gel. The 32- and 28-kDa peptides were
the only ones associated with the complex as inferred from
the Coomassie blue (Fig. 3B, lanes 2 and 3) or the silver (Fig.
3C, lanes 2 and 3) stain profiles. When a mock binding
reaction containing the Flp digest, but no DNA substrate,
was treated as described above and the gel slice correspond-
ing to the position of F' was electroeluted and gel fractionated,
no peptides were detectable (data not shown). We conclude
that the recovery of the 32- and 28-kDa peptides reflects the
ability of each of these peptides to form a complex with the
Flp substrate. The possibility that one of the two peptides is
part of the complex because of its fortuitous association with
the other can be ruled out. The size of such a complex (32 +
28 = 60 kDa of protein) would be inconsistent with the
observed relative migration of I'.
Absence of Pronounced DNA Bending in Complexes Formed
by Flp Peptides. One striking feature of a Flp-DNA complex,
in which the two binding elements of the substrate bordering
the strand exchange region (or the spacer) are filled by
protein (complex labeled II in Figs. 2 and 4), is the sharp bend
of >1440 introduced within the spacer (15). The bend is
thought to be the result of protein-protein interactions be-
tween Flp monomers bound across the spacer.
To test whether complexes formed by the V8 peptides
contained DNA in a bent configuration, a 400-bp DNA
fragment, in which the Flp site was placed almost in the
middle, was used as the substrate for binding. The protein-
induced bend significantly diminishes the end to end distance
in such a fragment and magnifies its gel retardation relative
to the unbent fragment, or a similar-sized fragment bent near
its end (16). The gel-retardation pattern of this fragment upon
binding to aliquots of a V8 digest of Flp is shown in Fig. 4
(lanes 2-4). The digestion conditions were the same as those
for the peptide recovery experiment shown in Fig. 3. In a
control experiment, aliquots identical to those in lanes 2-4
were bound to a variant substrate containing a 4-bp insertion
in the spacer that offset the phasing of the bound protein
monomers (lanes 6-8). We assume that Flp-induced DNA
bending is eliminated in this substrate. The binding of intact
Flp to the bending-competent, or the nonbending substrate is
shown in lanes 9 and 10, respectively. Since there were only
two binding sites in the substrate (as opposed to three in the
one used for experiments of Figs. 2 and 3), only two com-
plexes, I and II, were formed with Flp. The corresponding
complexes formed by the V8 peptides were I' and II'. The
relative retardation of a complex containing the bending-
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FIG. 3. Electroelution of substrate-bound peptides. (A) Approxi-
mately 80-100 pmol of the Fip substrate containing three Flp binding
elements (10W cpm of 32p) was incubated with a V8 digest of600-800
pmol of Flp (30-40 jg), and the reaction mixture was run on a 5%
polyacrylamide binding gel. A 45-min exposure of the gel is shown.
Lanes: 1 and 2, V8 digests; 3, Flp control. (B) Complex I' was excised,
the bound peptide(s) was electroeluted, separated on a 12% Laemmli
gel, and stained with Coomassie blue. Lanes: 1, molecular size
markers; 2 and 3, electroeluted peptides; 4 and 5, aliquots of the V8
digest of Flp used for binding. (C) Samples in B stained with silver.
The names of the V8 peptides correspond to those used by Evans et
al. (5). We estimate that -30% of the substrate (30-35 pmol) was
converted to complex 1'. The amount of recovered peptides (200-250
ng; 5-7 pmol) corresponds to 15-25% efficiency of electroelution.
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FIG. 4. The V8 peptide-DNA complexes are bending incompe-
tent. The complexes formed between the V8 digest of Flp and a
400-bp 32P-labeled substrate containing the Flp site in the middle
were run on a 5% polyacrylamide binding gel (lanes 1-4). The site
contained only two binding elements, la and 1a (cf. Fig. 2). The
binding pattern obtained when the substrate included a 4-bp insertion
in the spacer is shown in lanes 5-8. Binding of intact Flp to the
normal and the insertion substrate are shown in lanes 9 and 10,
respectively. Lanes: 1, free substrate; 2-4, increasing aliquots of the
V8 digest; 5, the insertion substrate; 6-8, aliquots of V8 digest
corresponding to lanes 2-4 (lane 2 corresponds to lane 6, etc.).
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competent substrate was calculated as the ratio of its mobility
to that of the corresponding complex containing the non-
bending substrate. Bend angles could be derived from the
values for relative retardation by using a calibration curve
prepared with a set of standard bent DNA fragments (26). The
DNA bend angles in the Flp complexes I and II were
estimated to be approximately 400 and 1400, respectively. The
corresponding values for the peptide-DNA complexes I' and
II' were roughly 200 and 400, respectively. A faint complex
above II' was observed in the binding reactions with the V8
digests (see lanes 4 and 8). Assuming the complex in lane 4
to be the bent equivalent of the complex in lane 8, the DNA
bend in this complex was derived as 50°-60°. The overall
conclusion from these results is that the DNA within the
complexes formed by the V8 peptides is devoid of the large
bend that is characteristic of the normal Flp complexes.
A Chimeric Protein Derived from R Recombinase and Flp
with FHp-Substrate Specificity. The hypothesis that the amino-
terminal portion of Flp is not required for substrate speci-
ficity was further tested by constructing a fusion between the
R recombinase of Zygosaccharomyces (17, 18) and Flp. The
R-Flp hybrid contained the first 127 or 142 amino acids ofR
(the translation start in R has not been precisely determined)
linked in-frame to the last 309 amino acids of Flp (Fig. 5). The
expression of the chimeric protein, driven by the tac pro-
moter, was induced in E. coli by addition of IPTG. Crude
extracts prepared from induced cells were used to monitor
substrate binding in gel retardation assays. The results of
such an assay are shown in Fig. 5. The extracts expressing
wild-type Flp from the lacuvS promoter (ref. 19; lanes 2 and
3) or from the A Pr promoter (ref. 20; lane 6) bound the Flp
substrate; so did the R-Flp chimera (lanes 4 and 5). The
binding to purified Flp is shown in lane 7. Under the assay
conditions with crude extracts from IPTG-induced cells,
complexes I and II were clearly formed, but complex III was
barely detectable. Increasing the amounts of extract resulted
in nonspecific binding and smearing of the label. Neither the
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FIG. 5. Substrate binding by a hybrid between R and Flp.
(Upper) Amino acids in Flp and R recombinases spanning the sites
of fusion are shown. The Flp amino acids are italicized. The
methionine residue at position 127 (or 142; refs. 17 and 18) of R is
joined to the aspartic acid residue of Flp at position 115. (Lower)
Crude extracts were used in a binding assay with a Flp substrate
containing three binding elements. Lanes: 1, free substrate; 2 and 3,
aliquots of Flp extract; 4 and 5, aliquots of hybrid extract; 6, extract
of Ftp expressed from the A Pr promoter; 7, purified Flp. In the
binding assays with IPTG-induced crude extracts, complex III was
not readily detectable. The Flp used in lane 7 was an old preparation.
The band below I in lane 7 likely results from substrate binding by
a breakdown product of Flp. This interpretation would be consistent
with the data shown in Figs. 2 and 3.
host extract nor the extract from cells expressing R showed
binding to the Flp substrate (data not shown). Previous
experiments with partially purified R had shown that it does
not recognize the Flp site (B.R.E., unpublished result).
We wished to test whether the R-Flp hybrid, with its Flp
target specificity, could catalyze recombination between two
Flp sites. This is not an unreasonable expectation, since the
Flp portion of the hybrid protein is expected to include the
catalytic domain of the recombinase (5, 11, 12, 21). Recom-
bination was assayed in a RecA- E. coli strain expressing the
R-Flp fusion protein by monitoring the loss of a kanamycin-
resistance marker sandwiched between two directly oriented
Flp sites on a substrate plasmid (19, 20). Our failure to
observe kanamycin sensitivity suggests that, at least under
conditions of the in vivo assay, the protein chimera was not
active as a recombinase (data not shown).
DISCUSSION
Two peptides obtained by limited proteolysis of Flp by V8
protease retain the ability to bind to the Flp target site. The
amino-terminal residue in both of these peptides is Ser-129 of
Flp. The carboxyl termini of the peptides (although not
sequenced) may be inferred from their sizes. The 32-kDa
peptide likely extends to the carboxyl terminus of Flp, while
the 28-kDa peptide likely ends at Glu-370 (see Fig. 1).
Previous studies had identified this residue to be a moder-
ately strong target for cleavage by V8 (5). Earlier results also
showed that substrate recognition by Flp was not affected by
short in-frame peptide insertions at Arg-340 (5). Taken to-
gether, our data identify the Flp segment spanning domains
IB-IC as the substrate binding/specificity domain (Fig. 1).
This conclusion agrees with the recent findings of Pan et al.
(27). They purified peptides obtained by proteinase K treat-
ment of Flp and showed that a 21-kDa peptide specifically
binds the Flp target site. The amino terminus of this peptide
maps to Leu-148 of Flp.
The IB-IC region of Flp, in addition to harboring substrate
specificity, is interesting for a number of reasons. The "yeast
family" site-specific recombinases, to which Flp and R
proteins belong, show a remarkably high degree of homology
within this segment (18). It also harbors the 40-amino acid
motif that is characteristic of the "integrase family" of
recombinases and the invariant family tetrad (Arg-191-His-
305-Arg-308-Tyr-343 of Flp; refs. 17 and 18; K. Abremski
and R. H. Hoess, personal communication). Three of four
mutations that improve binding of Flp to its target DNA
sequence (revealed by the P22 challenge phage assay in
Salmonella; ref. 22) also form part of the IB-IC region
(Arg-258 to Gln, Ile-298 to Met, and Tyr-343 to Phe). Note
that Tyr-343 is the active site tyrosine (5, 23) and its potential
role in stabilizing Flp-DNA contacts is not surprising.
The DNA within the complexes formed by the V8 peptides
of Flp is bent poorly. The amino-terminal subdomain IA may
be required for at least part of the protein-protein interac-
tions that cause substrate bending. Consistent with this
notion is the observation that one ofthe key residues required
for substrate bending is Tyr-60, an invariant residue within
the yeast family recombinases (19, 24). Some of the residues
within the IB-IC domain also contribute to substrate bending
interactions. Mutations of Gly-328 or of Tyr-343 have been
shown to lead to bending incompetence (25).
Although the R-Flp hybrid that we constructed shows Flp
site specificity in binding, it shows no recombinase activity in
an in vivo assay. It is possible that interdomainal interactions
within or between recombinase protomer that contribute to
catalysis are at least partially lost in the hybrid protein.
Nevertheless, exchange of more limited regions between the
two proteins may define the substrate specificity domain
more precisely. A smaller DNA binding peptide would pro-
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vide a better target for site-directed manipulations or for
physical studies. The structural and functional relatedness
between the two recombinases (18) is likely to minimize
potential problems of protein folding that might be encoun-
tered in fusions between segments of unrelated proteins.
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